Abnormal spermatogenesis is an important pathophysiological process underlying male infertility. Apoptosis of spermatogenic cells and disruption of ectoplasmic specialization (ES) have been characterized as the key biological events of this disorder. Under physiological and pathophysiological conditions (such as exposure to starvation, environmental chemicals, radiation), autophagy is activated in spermatogenic or Sertoli cells in order to maintain survival of the spermatogenic cells by inhibiting spermatogenic cell apoptosis and stabilizing the integrity of ES via degradation of PDZ and LIM domain 1 (PDLIM1), a negative regulator of cytoskeletal organization. Here, we review the most recent research progress towards understanding the pivotal effects of autophagy on spermatogenesis.
Introduction
Abnormal spermatogenesis, which involves apoptosis of spermatogenic cell and disruption of the integrity of ectoplasmic specialization (ES), is the key pathophysiological process involved in many diseases of the male reproductive system, such as azoospermia, oligospermia, asthenospermia, cryptorchidism, varicocele, and orchitis [1] [2] [3] [4] [5] . Normal spermatogenesis progresses through three distinct phases: the mitotic phase, in which undifferentiated spermatogonia undergo rapid proliferation; the meiotic phase, in which spermatocytes proceed through two cell divisions to give rise to haploid spermatids; and the spermiogenesis phase, in which spermatids undergo a complex process of morphological and functional differentiation, and resulting in the production of mature spermatozoa.
The necessity for continual production of a large number of mobile gametes imposes a number of requirements on spermatogenesis. First, thriving populations of stem cells and progenitor cells are necessary throughout the reproductive lifetime of the organism [6] . Second, a high level of functional organization and precise control is required to ensure the continuous availability of terminally differentiated spermatozoa [6] .
Proper spermatogenesis is also reliant on the structural integrity of the blood-testis barrier (BTB), which itself relies on the ES of Sertoli cells [7] . Preleptotene spermatocytes transit the BTB while differentiating into leptotene and zygotene spermatocytes. Upon entrance into the ES, the primary spermatocytes (diploid cells) terminally differentiate into spermatozoa (haploid cells) and pass into the seminiferous tubule lumen forward to the epididymis (the process known as spermiation). The current literature indicates that the integrity of ES structure is critical regulatory factor mediating the availability of sufficient spermatozoa [8] [9] [10] [11] as well as quality spermatozoa through normal spermatogenesis [12, 13] .
Autophagy is an evolutionarily conserved process that degrades cytoplasmic components that are detrimental or no longer necessary (e.g., turnover of organelles, such as damaged mitochondria, and removal of proteins, such as apoptotic-related aggregates), thereby ensuring cellular homeostasis and survival [14] . The autophagic degradation process involves unique double-membrane vesicles (known as autophagosomes) that form to sequester a targeted portion of the cytoplasm and then fuse with lysosomes to generate autolysosomes which degrade the internalized materials. Some of the classical ways to monitor autophagy include transmission electron microscopy (TEM) [15] , microtubule-associated protein 1 light chain 3 (LC3)-II/LC3-I [16] , and LC3 puncta [17] [18] [19] . Autophagy has many physiological roles and is involved in the pathogenesis of diverse diseases, including infectious, cancerous, neurodegenerative, cardiovascular, autoinflammatory, and autoimmune diseases, as well as the general aging process [20] [21] [22] [23] [24] [25] [26] [27] [28] .
Importantly, autophagy also affects diverse aspects of the male reproductive system. Under normal physiological conditions, autophagy promotes normal development and maintenance of the prostate gland [29] [30] [31] and, as stated above, contributes to spermatogenesis. Protein profiling of mouse spermatogenic cells identified several proteins with high homology to the yeast autophagyrelated gene proteins (ATGs) [32, 33] ; studies of autophagy related gene 7 (Atg-7) knockout mice showed that this gene can participate in acrosome biogenesis by regulating Golgi-derived proacrosomal vesicle transportation and/or fusion into the acrosome [34] . Autophagy was also found in another study of a rat model to be vital for maintenance of testicular seminiferous tubular diameter under formaldehyde exposure [35] .
Spermatogenesis consumes a large amount of nutrients, and is particularly sensitive to pathophysiological stimuli of environment pollutants, starvation, and radiation. It has been reported that, under such pathophysiological stimuli, crosstalk exists between the autophagic and apoptotic molecular mechanisms [31] . It is a wellestablished concept that autophagy may be involved in regulating the survival of spermatogenic cells and spermatogenic-related cells (Figure 1 ). In the following sections of this review we will discuss the recent research progress on the antiapoptotic effect of autophagy in spermatogenic cells and the effect of autophagy in stabilizing integrity of the ES under the particular pathophysiological situations of environmental chemical exposure, starvation, and UV radiation exposure. The collective findings from the most recent literature serve to illustrate potential targets that may have potential for manipulation to induce fertility or cure infertility in males.
As described above, spermatogenic cell and Sertoli cell are two important types of cells involved in spermatogenesis. Balance between proliferation and apoptosis of spermatogenic cell including spermatogenic stem cell, spermatogonia, spermatocyte, and spermatozoa maintains normal spermatogenesis. Moreover, ES structure provides spermatogenic cells with a structural support and a preserved environment with the BTB, assists their movement toward the seminiferous epithelium lumen, and sustains their development. Therefore, we will discuss the effects of autophagy on both types of cell during spermatogenesis.
The protective role of autophagy for spermatogenic cells
There have been many studies demonstrating the effects and the underlying mechanisms of autophagy on spermatogenic cells, including spermatogonia stem cells (SSCs), spermatogonia, spermatocyte, and spermatozoa, under physiological and pathophysiological conditions (Table 1) .
Recently, several studies have demonstrated the cytoprotective role of autophagy through the process of differentiation of spermatogonia into spermatozoa in male infertility induced by physiological and pathophysiological conditions (Table 1) . Firstly, the activation of autophagy was shown to play a protective role in maintaining SSCs and in survival of differentiating spermatogonia. Liu et al. [36] reported that markers of autophagy activation, including LC3-II, the ratio of LC3-II/LC3-I, ATG5, and Beclin-1, are increased in rat SSCs after treatment with the reproductive toxic substance tri-ortho-cresyl phosphate (TOCP). Furthermore, it was shown that autophagic vesicles in the cytoplasm containing extensively degraded organelles, such as mitochondria and endoplasmic reticulum, were significantly increased in the TOCP-treated cells, but no significant differences were seen in the number of apoptotic cells after treatments with various concentrations of TOCP for 48 h [36] . Meanwhile, Xu et al. [37] reported that treatment of SSCs with saligenin cyclic-o-tolyl phosphate (SCOTP), a derivative of TOCP and highly toxic reproductive substance, induced marked activation of autophagy. Ultrastructural observation by TEM further confirmed that there were autophagic vacuoles in the cytoplasm of the SCOTP-treated cells; again, however, no significant differences were seen in the number of apoptotic cells between the control cells and the SCOTP-treated cells [37] . During investigation of the role of autophagy in apoptosis of spermatogonial cells under conditions of disrupted glutathione (GSH) metabolism, Mancilla et al. [38] found a consistent increase of LC3-II and accumulation of autophagic vesicles in spermatogonial cells. Moreover, the GSH-depleted condition did not alter the level of phosphorylation of adenosine monophosphate (AMP)-activated protein kinase nor of adenosine triphosphate (ATP) content; however, inhibition of autophagy by 3-methyladenine (3-MA) resulted in decreased adenosine triphosphate (ATP) content and increased caspase-3/7 activity in the GSH-depleted spermatogonial cells [38] . The collective findings from these studies indicate that the induced autophagy in spermatogonial cells plays a cytoprotective role under several physiological and pathophysiological conditions through its apoptosis-inhibitive activities.
Secondly, recent studies have further demonstrated the protective roles of autophagy on spermatocyte cells under pathophysiological conditions through its inhibition of apoptosis of those cells (Table  1) . In a study of the mouse spermatocyte-derived cell (GC-2) line, Liu et al. [39] found that radiofrequency (RF) exposure induces expression of LC3-II as well as an increased ratio of LC3-II/LC3-I, while decreasing expression of the nucleoporin protein p62. The percentage of green fluorescent protein-LC3 transfected cells with punctate fluorescence in RF-exposed cultures was significantly higher than that in sham exposure cultures. Transmission electron microscopy showed that the amount of cytoplasmic autophagic vesicles containing extensively degraded organelles, such as mitochondria and endoplasmic reticulum, increased significantly after RF exposure. Furthermore, the RF-induced expression of LC3-II was found to be enhanced by cotreatment with chloroquine [39] . The RF exposure, however, did not increase the percentage of apoptotic cells, but inhibition of autophagy did increase the percentage of apoptotic cells and TRAIL. As a consequence, an adaptor molecule, FADD, couples the death receptors and subsequently activates caspase-8. Activated caspase-8 activates downstream effector caspases, including caspase-3, -6, or -7, which in turn degrade a broad range of cellular proteins, thereby executing the final steps of apoptosis. (c) The initiation of the intrinsic apoptosis pathway is marked by one central event: MOMP leading to the release of cytochrome c from the mitochondrial intermembrane space, after which the cytosolic cytochrome c triggers the assembly of the caspase-activating complex, which is composed of caspase-9 and apoptotic protease-activating factor 1, leading to the final activation of downstream caspases that promote apoptosis. (d, e) Regulation of apoptosis by the early autophagy-related marker. Excessive Beclin-1 and ATG5 induced by pathophysiological stimuli can accelerate the intrinsic apoptosis process by promoting the release of cytochrome c. (f) Regulation of autophagy by apoptosis. The apoptosis process is usually accompanied by a high degree of caspase activation. Caspases can digest several essential autophagy proteins, such as ATG3, ATG4, ATG5, and Beclin-1, resulting in inactivation of the autophagic program, perhaps so as to abort its cytoprotective function and to accelerate cell death. Abbreviations: ATG, autophagy-related protein; FADD, Fas-associated death domain; IAPs, inhibition of apoptotic proteins; LC3, microtubule-associated protein 1 light chain 3; MOMP, mitochondrial outer membrane permeabilization; PE, phosphatidyl ethanolamine; TRADD, tumor necrosis factor receptor-associated death domain; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.
[39]. When Zhang et al. [40] examined autophagy in the GC-2 line upon exposure to dibutyl phthalate, they observed clearance of reactive oxygen species (ROS)-damaged proteins and mitochondria as part of the cell's effort to minimize cell damage and promote survival.
Thirdly, autophagy has been verified to protect spermatozoa from damage induced by stress. LC3-II, a marker of autophagy induction under stressful conditions, enhances spermatozoa motility and survival (Table 1) . Gallardo et al. [41] reported that LC3-I is processed via single-layer centrifugation in half of the ejaculate spermatozoa, compared with the unstressed group. Aparicio et al. [42] studied equine sperm and reported that conversion of LC3-I to LC3-II increased significantly during cooling at 4
• C, freezing/thawing and each of the stressful conditions tested (UV radiation, oxidative stress, osmotic stress, and changes in temperature). Moreover, exposure to STF-62247, an autophagic agonist, and rapamycin [an autophagic agonist and an antagonist of mammalian target of rapamycin (mTOR)], was found to increase the LC3-II/LC3-I ratio, thereby maintaining the percentage of viable cells; whereas, exposure to chloroquine and 3-MA was found to inhibit LC3 processing, thereby decreasing the viability [42] . In another study of equine sperm by Bolanos et al. [43] , the INRA96 additive for freeze-stored semen liquid was shown to maintain motility values of split ejaculate while the modified high-potassium Tyrode's medium (KMT) additive was shown to be associated with lower motility (compared with the control group); the authors concluded that these finding were due to the higher level of LC3-I processing in spermatozoa The stabilizing effect of autophagy in ectoplasmic specialization assembly Duan et al. [44] reported that xenoestrogen 4-nonylphenol (NP) induces reproductive dysfunction in male rats by inducing caspasedependent apoptosis and necrosis. Intriguingly, the observed NPinduced apoptosis and necrosis were inhibited upon blockade of ROS generation by N-acetylcysteine, but enhanced by treatment with the autophagy inhibitor 3-MA; thus, it was suggested that modulation of autophagy may serve as a survival mechanism against apoptosis and necrosis of Sertoli cells [44] . They further demonstrated that autophagy could maintain the integrity and function of Sertoli cells by inhibiting ES degradation [44] . The ES is essential for Sertoli-germ cell communication and Sertoli-Sertoli cell junction, which supports all phases of germ cell development and maturity and integrity of BTB. Activation of autophagy that is induced upon exposure to environmental chemicals, lipopolysaccharide, and photoreceptor outer segments (POS) plays a stabilizing role in assembling ES and maintaining survival of Sertoli cells. Liu et al. [45] generated an autophagy-deficient mouse model, which resulted in disordered cytoskeletal structures and disrupted ES assembly. Moreover, in the Sertoli cells, degradation of PDZ and LIM domain 1 (PDLIM1), a negative regulator of cytoskeletal organization, by autophagy resulted in organized seminiferous tubules and spermatozoa with formed heads [45] . Yefimova et al. [46] , in a study of the murine Sertoli cell line TM4, found that ordered ES and cytoskeletal structure were associated with increased expression levels of ATG5, ATG9, and BECN1 and decreased expression level of SQSTM1 (Sequestosome 1); conversely, disorganized ES and cytoskeleton were observed in POS-exposed TM4 after silencing of Atg5, and microscopy analysis revealed a significant increase in total number of POS fragments following siRNA-mediated silencing of Atg5, suggesting that Sertoli cells might recruit autophagy-related factors for the management of POS. Altogether, the findings from these various studies indicate that autophagy plays a prosurvival role in Sertoli cells under various pathological conditions, at least partially through maintaining the integrity of ES in the Sertoli cells.
Conclusion and perspectives
Abnormal spermatogenesis is one of the most frequent pathophysiological processes in many diseases of andrology. And, many treatments, ranging from those based in medication to those based in surgery, are currently applied in clinical practice. As illustrated by the collective studies discussed in this review of the recent literature, autophagy and autophagy-related proteins play a prosurvival role in spermatogenic cells and promote stabilization of the integrity of ES, either by directly inhibiting apoptosis of spermatogoniaspermatocyte-spermatozoa cells and degrading PDLIM1 or indirectly by suppressing intracellular stressors (e.g., damaged organelles and proteins, intracellular pathogenic microorganisms). Thus, modulation of autophagy represents a novel therapeutic approach for abnormal spermatogenesis.
